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II. Effect of Attention on Neuronal Responses

MICHAEL E. GOLDBERG ano ROBERT H. WURTZ
Laboratory of Neurobiology, National Institute of Mental Health,

Bethesda, Maryland 20014

IN ALL PREVIOUS studies on visual receptive
ficlds of single neurons (3), including our
previows study on the monkey superior
colliculus (6), the propertics of the cells
were studied without regard o the ]Jf:‘-
havorial significance of the visual stimuli.
Most animals were anesthetized, paralyzed,
or had brain stem wanscctions. Even
awake and behaving monkeys were volun-
tarily fixating a point extrancous to the
receptive ficld of the cell being .‘illl(llC(]‘ (6).

The awake animal does not treat objects
in the visual world uniformly: it responds
to some and ignores others. At some point
in the Drain neurons must reflect not only
the external parameters relating to the
physical properties of the stimnlu_s_. Dut
also the internal parameters relating to
whether or not the animal will respond to
the stimulus. By altering the response
required of a trained animal o a ._xlimulns..
we can see il the hehavioral signilicance ol
the stimmulus can alleer the response of a
newron with sensory [unction,

I order o investigate the ceffect ol
changing the significance of a stimulus on
the response of a sensory neuron, we ex-
amined  the responses of neurons in the
monkey superficial gray and optic l;}}-'(:rs
to visual stimuli under varyving hchm'xur‘nl
conditions. The presence ol a stimulus in
the visual field is not sullicient to evoke
an cye movement. The monkey must
decide that the stimulus deserves Turther
investigation—that is, he must attend 1o
it—and only then will he move his eyes.
In the prc;cm experiments  we  trained
monkeys to make a saccade to a spot of
lieht under some  circumstances and to
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ignore the light—that is not to make a
saccade o it—under others, We then asked
whether or not the response of a nenron
to that stimulus was afllected when the
monkey was going to use the stimulus as
the target for a saccade.

We found that the response ol many
neurons was enhanced when the receptive-
ficld stimulus was the monkey’s saccade
target. Since we can infer that the monkey
attended to the stimulus when he made
a saccade to i, the enhancement can
be viewed as a neurophysiological event
related to the psychological phenomenon
of attention.

An abstract of these results has been
published previously (5).

METIIODS

The general procedures used for |1'nir|’ing the
monkeys, restraining them, and recording eye
movements and single-cell activity have been
described in the preceding paper (6).

In these experiments the monkey had been
first trained 1o fixate a spot of light as small as
0.057 in diameter as in the previous experiment
(6). When the monkey pressed a bar, llll(:
fixation point appeared on a tangent sereen in
front of him, stayed on for 1-3 see, and dimmed
lor 0.5 see. 10 the monkey released the bar while
the spot was dim, he received a liguid r?ward.
The monkey was sufliciently interested in the
lixation point so that if another visual stimulus
were flashed elsewhere on the screen during the
time the fixation point was on, the monkey
didd not break fixation to examine the new
stimulus, TTowey when the  fixation  point
went ofl and another spot of light came on at
the same time. the monkey had heen trained to
make a saccade to the new spot. During some
fixations this sccond spot dimmed, on others
it went ofl and the orviginal fixation point came
on again and dimmed. Thus, in these experi-

ments the second spot was used both as a
receptive-field stimulus and as g target for a
saccade,

Figure 1 outlines the experimental sequence
usedd in the present study. After we isolated a
neuron in the superior colliculus, we deter-
mined its receptive field while (he monkey
fixated the fixation point, using a receptive-
field stimulus not much larger than the fixation
point. Every cell studied in these experiments
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Fic. 1. Sequence of procedures used in experi-
ments, A shows the spatial relations between the
spot ol light used as the fixation point (FP), amd
the receptive field (outline by dashed lines) and
the spot of light used as the receptive-ficld stimulos
(RE). B shows the onsel of the stimulus (upper
race), the horizontal EOG (secomd trace), and the
vertical EOG (thivd traee) during a fixation nnder
the no-saccade condition, The stimulus indicator
shows approximately when the spot of light ap-
peared on the sereen. The monkey had  begun
fixating the fixation peint before traces started and
continucd during the time after the stimulus was
turned on. € shows the same traces during the sac-
ade condition. At the indicator trace the receptive-
field stimulus came on and the fixation point went
out, and about 300 msce later the monkey made
a saceade from the fixation point (o the receptive-
field stimulus as indicated by the deflection in (he
EOG. The small deflections in the EOG wraces
occurring simultancously with the deflection of the
stimulus indicator are due to cross talk hetween
channels of the recording system. Rows of dots ai
the hottom of this and all subsequent figures are
time markers, 50 msce between suceessive dots,
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was of the type described as pandirectional in
the preceding paper (6), and the receptive ficlds
of these cells were all mapped using small spots
of light. Figure 14 shows the receptive ficld of
A typical neuron used in the study. The loca-
tion of the fixation point is labeled FP. The
dashed lines indicate the margin of the tangent
screen area where the onset of a spot ol light
evoked an excitatory discharge from the neuron
while the monkey fixated the Fp. A typical
spot uscd to evoke an excitatory discharpe is
Iabeled RF, Lvery cell in the present study
hadl receptive fields well outside the fovea so
that saccades from fixation point to receptive-
field stimulus could be detected on the electro-
oculogram (EOG) recorls,

After the receptive ficld of the cell had heen
outlined, the experiment was done in two steps.
The first step was 1o pick one point in (he
receptive field and project a small spot, usually
0.25° x 0.25°, onto the same point during
suceessive fixations. The response of the unit
to this stimulus was then recorded during th
period, usually between 10 and 30 wials, in
order to establish the neuron’s base-line ye-
sponse to a stimulus. Figure 1B shows the ani-
mal’s eye movements during a typical trial. The
animal had started 1o fixate before the time
period shown in the illustrations began, The
indicator line in the first trace shows the (ime
when the receptive-ficld, stimulus appeared, and
the next two traces are the horizontal and
vertical EOG which show no deflection in ye-
sponsc to the onset of the stimulus, ‘This experi-
mental condition during which the animal made
10 €ye movement in response to the receptive-
fiecld stimulus will he referred 1o
saccinle condition,

The secomd step was to change (he exp
mental conditions so that the monkey made
a saccade to the receptive-ficld stimulus, If a1
the same time that the receptive-field stimulus
came on the fixmion point went ofl, the monkey
made a saceade to fixate the receptive-fickl
stimulus as he had been trained 1o do. This is
shown in Fig. 1C. The bottom two traces show
the monkey's saccade, which has a latency of
about 250 msce from the disappearance of (he
fixation point and the onset of the receptive-
ficld stimulus, This series of fixations will he

called the saceade condition. Note that in (he
saccade condition, as shown in Fig. 1C, the
receptive-ficld stimulus before (he eye move-
ment occupied exactly the same retinal position
as it did in the nosaccade condition., e
physical parameters of the stimulus were here
fore identical in hoth conditions: only the he-
havioral significance changed.

In Tig. 1B and C the indicator line shows

as the no-
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only approximately when the receptive-field
stimuliss came on; on-response latencics for all
the units studied fell into the 40- 1o 50-msec
range described in the preceding paper (6).
Alter cach fixation, regardless of whether the
'I'l.'SI)l"IITﬁ(.' was correct or illf(‘ll"l'['(t. ||'Il‘ '!:Il’ was
disconniected for 1-3 see, and this disconnection
was indicated to the monkey by a clicking
sound. Experiments were usually done on sev-
eral cells in the same penctration, and a new
penetration was generally started at the be-
ginning of cach day.

The location of interesting cells was marked
by passing current through the elcctrode to
make an electrolytic lesion. Aflter the experi-
ments were over, the monkey was anesthetized,
perfused  with saline and 109, formalin in
saline, and the brain removed and sectioned.

RESU LTS

The change in cell activity when the
receptive-field stimulus beeame the target
for a saccade was studied for 100 neurons
in the superficial gray and optic layers of
the superior colliculus in four monkeys.
Of these 100 cells, 51 showed an enhanced
response when the monkey made a saccade
to the receptive-field stimulus.

An example of a neuron showing such
enhancement is shown in Tig. 2. The
indicator line shows when the receptive-
ficld stimulus came on; successive trials are
shown on successive lines with each cell
discharge and the beginning and cnd of
each line indicated by a dot. In Tig. 24,
while the monkey fixated the fixation
point. the stimulus came on at a point in
the receptive field (no-saccade condition)
and there was a weak irregular response.
In Fig. 2B, as the receptive-field stimulus
came on, the fixation point went off and
the monkey made a rapid eye movement
to the receptiveficld stimulus  (saccade
condition); the cell had a clearer and more
consisient response to the stimulus, Note
that the eye movement (as shown in Fig.
1C) occurred long alter the cell’s response
to the stimulus and therefore did not aflect
the retinal position of the stimulus. In
Fig. 2C, as the receptiveficld  stimulus
came on, the fixation point no longer dlis-

appeaved;  the  experimental  conditions
rettrned 1o the nosaccade condition as
in 24, and the monkey immcdiately

stopped making saccades Lo the receptive-
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ric. 2. Enhancement of the on-response of a cell
to the receptive-field stimulus. “The line above the
figure indicates approximately when the veceptive-
ficld stimulus came on. Fach dot veprese
discharge or the beginning and end ol o
hovizontal vow of dots represents the pay
successive fixation period around the onsct of the
receptive-field stimulus, In the trials in A there was
no saccade to the receptive-fickl stimulus (no-sac-
cade condition), while in B the fixation point light
went off as the receptive-field stimulus came on
{saccade condition) and the cell respounse was en-
hanced. € again shows the no-saccade condition:
the response decreased 1o the original level. The
entire sequence of fixations from A through € was
run without interruption. The receptive-field stim-

ol a

ulus was about 10° to the left and below the
fixation point.
field stimulus. The enhanced response

waned over the next 20 trials, returning to
the level that was present during the
initial period shown in Fig. 24.

The form ol the response enhancement
during the saccade condition varied from
ncuron to necuron, but two general types
ol cnhancement could Dbe distinguished.
In the first type, the initial response to the
stimulus (the onresponse) was more regu-
lar and more vigorous in the saccade condi-
tion than in the nosaccade condition (as
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in Fig. 2). In the second type of response
enhancement  there  was  an enhanced
response continuing after the initial on-
response burst; we refer to this later dis-
charge pattern as the late response. This
late vesponse cither Tollowed an enhanced
onresponse (Fig, 3B) or appeaved indepen-
dc_mly of any on-response enhancement
(Fig. 1B). The late response ended when
the cyc movement to the receptive-field
stimulus began, thus moving that stimulus
ofl the receptive field of the cell,

Response enhancement and
eye movement

We  have tacitly assumed that the
tesponse  enhancement s selectively re-
lated to eye movements 1o the receptive
ficld of the cell. However, the possibility
remains that this enhancement  results
from some nonspecific effect related to the
ellort of making an ¢ye movement—e.g.,
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Enhancement of the on-response and de-
l'u]o[?tr_mnt. of a Jate response with the saccade
condition. A was the no-saccade condition, B the
ﬁloc:ldi:' condition, € the no-saceade eondition :lg:liu-
Fixations from A through € weve consecutiv lhc_:
receptive-field stimulus was about 17° 1o Jelt ane
above the fixation point.
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¥16. 4. Late response with saccade condition, Ni
saccade condition in A, saccade in B, no-saccade
C. Continuous scrics of fixations with the receptive-

ficld stimulus 8° to the right and below the fixation
point,

a central effect such as increased state of
arousal, or some peripheral effect such
as a pupillary dilation prior to the cye
movement. Il this were the case, one would
expect to sce the enhancement in the pres-
ence of any saccade comparable in distance
to the one required to fixate the receplive-
ficld spot. To examine this question, we
presented the monkey with two similar
spots of light at the time of disappearance
ol the fixation point: the stimulus in the
receptive ficld, and a control spot outside
the receptive ficld. The monkey was re-
warded for fixating either spot and tended
to make a saccade to either one indiscrimi-
nately. After the experiment the trials were
sorted into saccades 1o the control spot
;r_]hul saceades o the receptive-ficld spot.
Figure 5 shows the results of such an
experiment. In Fig. 54 both stimuli came
on during the nosaccade condition: in
Tig. 58 both stimuli eame on during 1he
saceade condition, but the trials showfn are
those in which the monkey made  sac-
cades to the control stimulus, There may
he marginal  enhancement of  the  late
response 1o the receptive-field stimulus, In
TFig. 5C both stimuli appeared, but the
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¥iG. 5. Sclectivity of response enhancement. The
drawing shows the location of the receptive-field
stimulus (RF) above the fixation point (FP) and a
comtrol stimulus (CON) helow the fixation point.
i, B, and € the receptive-ficld and control stim-
uli both came on at the indicator line. A shows
the no-saccade condition. In B the monkey made a
saceade to the control stimulus and in € to the
receptive-ficld stimulus. Unlike all other illustra-
tions in this paper, the trials shown in B and €
are not consecutive since the monkey made sac-
cades randomly 1o one of the two spols in the
ficld, and the wials were separated into groups
according  to dirvection of saccade. Within cach
group responses are shown in scvial order. In D
only the control stimulus came on and the monkey
made a saccade to it; trials are consecutive. Cell is
one that habituated rapidly, same as cell in Fig. 4.

trials shown are those in which the mon-
key made saccades to the receptive-field
stimulus; there is a marked enhancement
ol both the early and the late response to
the receptive-ficld stimulus. The enhance-

ment of the cell response to the receptive-
ficld stimulus is related selectively to eye
movements made to  the receptive-ficld
area and not to eye movements in general.

Whether the possible slight enhance-
ment in response associated with saceades
to the control stimulus (Fig. 5B) was rc-
lated just to the occurrence of the eye
movement was considered in a subsequent
control experiment. The monkey made a
saccade to the control stimulus without
any stimulus present in the receptive ficld.
There was no response of the unit associ-
ated with the eye movement (Fig. 5D);
the saccade, therefore, had no cllect on
the activity of the cell when there was no
stimulus in its receptive field. There may
e, however, a slight nonspecific enhance-
ment of the response to the stimulus as-
sociated with an eye movement, and the
larger sclective enhancement is superim-
posed on this smaller cllect.

‘The response enhancement hefore an
eye movement depended on the presence
of the stimulus; it did not consist of a
stimulus response and a separalc move
mentrelated response (24). This is shown
in Fig. 6. The cell shows a vigorous burst
of discharges before an eye movement to 2
stimulus in its receptive ficld (Fig. 64), but
shows little or no response belore an eye
movement made in total darkness (Fig.
6B).
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G, 6. Comparison of the enhanced cell response
ocourring hefore an cye movement made 1o the
receptiveficld stimulus (4) with the lack ol re.
sponse of the same cell before a similar eye move-
ment made in total divkness (B). First FOG trace
is horizontal, sccond is vertical.
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) Further evidence that the late response
15 mot mechanistically related 1o the cye
movement is provided by a comparison
between the temporal relationship of cell
response to stimulus onset and the rela-
|!:mship ol cell response 1o eye movement,
]'I.j_l|lll'{_' 74 shows the cell shown in Fig, 4
wrlh the display triggered first by the
stimulus onset (Fig. 74, 1) and then by the
cyec movement (Fig. 74, 2). There was no
synchrony of the early response to the eye
movement, but cach late response ended
about 50 msec alter the saccade. Since the
latency of any stimulus effect on ecll-dis-
ﬁlmrp_c pattern would be expected to be 40—
50 msec (6), the ending of this late response
50 msec alter the saccade would seem likely
to result from the motion of the stimulus
through the retinal receptive field of the
cell_as the monkey moved its eyes. In
Tig. 7B, 1 a weak on-response of the stimu-
Ius_ was followed by a clear late response
w’lm‘.h is requently ended in a burst of cell
[hfc[mrgcs. When these cell discharges were
aligned on the eye movement (Fig. 7B, 2),
no apparent relation existed between the
early on-response or the late response anc

the eye movement. When the Iate burst

came it again followed the eye movement

IJ.y about 50 msec and it again scemed

likely that this burst and ]1:'71!5{: was an

efect sccondary o the eye movement
rather than a part of the late response.

FIG. 7.

Comparison of the temporal relationship of cell responses to the receptive-field

565

The final evidence for the independence
of the enhancement from the actual motor
act of a successful saccade is provided by
]uoki‘ng at the trials just at the beginning
nml‘_|m'l at the end of a saccde p[w‘iml Lo
see 1l the enliamncement ol the cell response
u_crcss:nily started and stopped in the fixa-
tion period in which the monkey made a
sfr_m::ul(: to the reeeptive-field  stimulus,
Figure 84 shows cell discharges and eye
movements lor the transition Irom the no-
siaccade 1o the saceade condition on a trial-
IJ‘?'-trial basis for the same cell shown in
I'lg. 4. Figure 84, 1 shows the last in a
series of no-saccade trials with an on-
response unaccompanied by an eye move-
ment. Figure 84, 2 shows the first saccade-
condition trial. The monkey did not make
a saccade to the receptive-field stimulus hut
instead made a saccade clsewhere (and let
go of the bar and missed the reward);
there was a late response to the stimulus.
In Fig. 84, 3 the monkey made the correct
saccide to the receptive-field stimulus and
the late response was again clear. This
lell:mcemt‘nl continued for subsequent
trials as the latency for eye movements he-
came shorter (Figs. 84, 4, 5). For this cell,
the enhancement was clear on the trial
with the correct saccade to the stimulus,

and present somewhat on the previous
trial. For all the cells studied, the enhance-

stimulus and

to the eve Cme SRS o
The m]‘;’:c:;““'“"‘f"" If"“"f; to :Ilc receptive-ficld stimulus. Responses of two cells are shown in A and B
sponse is aligned with the onset of the receptive-ficld sti el ; 3

: : -fickl stimulus (shown b licator line) i
segment lal . . i y indicator line) in the
s:gm"w"t IT:;cllctII lq:uui is :ﬂlguml with the eye movement (located by the sample cye m‘.“.‘,m(.m)) in the
Ih?: ct:" alie 'rrt‘ 2. In /1',_- the response ended shortly alter the eye movement started 1|n;l n B o
e cs-c ?:::ic'.;w].':.m—f;[ discharges at the same time, and both these vesponses presumably resulted ficin
i tc on-response is not well synchronized wi : E §

i : et : : " ith the eye movement 1,2 or B, 2
Cell in A is same as in Fig. 4, cell in B is same as in Fig. 5. b) in 4,2 o0r B, 2
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condition with the enhanced cell response
and the eye movement. Figure 88, 2 shows
the first trial ol the no-saccade period; the
fixation point no longer went ofl as the
receptive-ficld stimulus came on, and cven
on the first wial the monkey slup[)cd
making an eye movement to the receptive-
ficld stimulus. This was the case for most
trials: when the fixation point no longer

ment  during the saccade condition was
always clear by the time the saccade to
the receptive-field stimulus was m:l(_[c cor-
rectly, but the enhancement occasionally
occirred on the trial belore the corrcet
saccade was made,

The end of the same saccade period for
the same cell is shown in Tig. 8B. Figure
813, 1 shows the last fixation in the saccade
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i ive tri ame unit as in Fig,
Fic. 8. Relation of response enhancement to eye movement in cach successive trial. F:.u“L”""Itt ?:( qhn“!l,-
" o h nt of the figure the indicator for the receptive-field stimulus is helow the trace s ;
e e i i al, lower for vertical eye movements. A, 1 shows the
ing cell dischavges; upper EOG trace is for horizontal, ower e st gk
T\O!::“(‘:"!d(' condition while A, 2-5 show successive fixations in the s:tct‘_ntlc o m(.]'ni s (.;,(1 e
5 ”u[p‘ (Jc.curr('(l in A, 3, as did a clearly enhanced unit response, B, 1 is l.hf.- last trial a u:lm A e
i h e 0 - . e W s <
me saccade series shown in A, B, 2-5 shows the subsequent no-saccade trials; II;_u;i‘l(_ 1“]t[m| 4 “. o
S : i i ' hancement, The 4-Hz slow wa
i i \ tinuation of the response enha -z
receptive-ficld stimulus but some con . i
In|::(lcnlf I}E'.‘ vertical EOG traces is an artifact related to the monkey’s sucking on the drinking tube. S
SO - il d 5

cell as in Fig. 7.
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went out, the monkey did not persist
in making a saccade 1o the receptive-ficld
spot. But even though there was no sac-
cade o this receptive-field stimulus, the
cell vesponse frequently remained enhanced
(a slight response enhancement persisted
in Iig. 88, 3, 4). Therclore the enhance-
ment of the response and the oceurrence
of the eye movement are not tightly locked:
enhancement  may appear  before  and
continue after the wials where cye move-
ments are seen.

Habiluation and response enlancement

In the saccade condition the enhanced
cell response did not habituate but con-
tinued without decrement with the re-
peated stimulus presentations as seen in
the periods of 10-20 trials shown in Tigs.
2B, 3B, and 4B. The lTongest we [ollowed
a cell in the saccade condition was 80 suc-
cessive fixations; there was no decrement
of the response. For several cells with
shorter series of saccade trials slight de-
creases in response occurred, but the
responsc to  the receptivefield stimulus
never reverted to the preceding no-saccade
level for any cell studied.

Alter the saccade period ended, the
response usually returned to previous levels
but at different rates for different neurons.
Figure 9 shows a cell which took a partic-
ularly long time to habituate. In Fig. 94
the cell response had already habituated
after a previous saccade period, and this
habituation was immediately reversed by
institution of the saccade condition (Fig.
9B). After return to the no-saceade coni-
tion (Fig. YC), the response continued for
many trials but returned to (he original
level by the end of the 59-uial no-saccade
period. The response  enhancement re-
turned when the saceade condition was
weinstated (Fig. 9D), indicating that the
decrement of response was reversible, The
rate of habituation in the no-saccace period
also was slower after many saccade trials
or alter a long serics of intermixed saccade
and no-saccace trials, Thus, in Tig. 2C the
response returned (o the original Jevel
within 15 no-saceade trials, but later in
the experiment and alter a long series of
saccade trials, the response of the same cell
did not habituate in 40 trials, In general the
enhancement of the on-response  habitu-

ated slowly in the subsequent no-saceade
condition (as in Figs. 2C and 9C), while
the late response habituated more rapidly:
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e, 9. Slow habituation of on-response enhance-
ment in no-saceade condition. Trials in A arve done
in the no-saccade condition, in B in the saccade
condition, in € in no-sac de condition, and in D
saccade condition again, T s were sequential with
no interruption; the receptive-fickd stimulus was
about 10° to the Telt and below the fixation point,
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¥ig. 10, Expansion of receptive ficld of a cell
under the saceade condition. Point 4 was in the
veceptive ficld mapped while the moukey fixated
the fixation point i points B and € were outside
the field, Part 1 in each segment shows cell re-

on the first nosaccade trial or within a
few nosaccade trials (Figs. 3C, 1C).

Lffect of saccade condilion on
receptive-field size

The ellect of the saccade condition on
the cell response to the receptive-field
stimuli at dillerent points within the recep-
tive ficld was investigated in 10 cells, A
neuron which showed expansion of its
receptive-field size is shown in Tig. 10. The
receptive field for this cell was mapped
while the monkey fixated the fixation
point, and is shown by the dashed line
(Fig. 10) and the cell response to the recep-
tive-field stimulus at points A, B, and C is
shown in the records below. At point A
within the receptive ficld there was an on-
response  to  the stimulus  during  the
no-saccade condition (Fig. 104, 1), and
there were both onwresponse enhancement
and a Tate response during the saccade
condition (Fig. 104, 2). At point B just
outside the mapped receptive ficld, there
was no response to the receptive-field
stimulus during the no-saccade condition
(Fig. 108, 1) but an unambiguous response
during the saccade condition (Fig. 108, 2).
Further away Irom the mapped receptive
ficld at point C there was still a slight
response to  the receptivefichl stimulus
under the saccade condition (Fig. 10C, 2).
Therefore, for this cell there was an expan-
sion of one edge of the visual receptive
ficld by about 10°. Four cells studied
showed this slight expansion of receptive-
field size.

The remaining six nearons studied
showed no change in the size of their recep-
tive fields under the saccade condition, but
several did show a reversal ol the attenu-
ation of response at the borders of the re-
ceptive field, Such a cell response is shown
in Fig. 11. The receptive-field arca was
again mapped while the monkey looked at

sponses ocanring in the no-saccade condition; part
2 in saccade condition. The cell responded clearly
at B and slightly at € during the saceade condi-
tion, but not at all under no-saccade condition.
Experiments were not done in the order shown;
the cell showed rapid habituation so that one en-
hancement did not affect the cell response in a
subsciuent no-saccade period.
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the fixation point. Whereas the initial
on-response decreased at points nearer to
the edge of the receptive field in both sac-
cade (two of each segment of Fig. IT) and
no-saccade condition (one of each segment
of Tig. 11), the late response was enhanced
in the saccade condition to about the same
degree in all three locations. For point
D outside the receptive field, there was
no response to the stimulus in cither case.
Thus the ellect of the saccade condition in
this type of neuron secemed to be an cquali-
zation of the response within the various
parts of the receptive ficld rather than an
expansion ol the receptive hield.

Independence of late vesponse
from on-response

All of the cells had an on-respomse to the
receptive-ficld stimulus, whether or not this
response was enhanced  during the  sae-
cade condition. To see il the late response
could be separated from this onaesponse,
we left the stimulus on all the time in
certain trials to eliminate the on-response.
In Tig. 124 the receptive-ficld stimulus
came on under the no-saccade condition
and in Fig. 12B under the saccade condi-
tion; there was a late response in Fig, 128,
In Fig. 12C the receptive-ficld stimulus was
Ieft on all the time, bhut the monkey still
made a saccade to it when the fixation
point disappeared. Although there was no
on-response as in Fig, 124 and B, there
was a lale response as in Fig, 128, 1f (he
stimulus remained on all the time hut
under the nosaceade condition (Fig. 121,
there was no response at all, early or late.
Thus the Jate response did occur indepen-
dently of the on-response. The time of
onset of the late response in four cells so

stimulus point (4-1) shown on the receptive-ficld
map are for the no-saccade  condition (1) and
then the sacede condition (2). The late response
was enhanced within the receptive field {A-Cy bt
not outside the fickl (). ‘The no-saceade then sac-
cade sequence wis continuous for cach point, b
points were not done in the order shown. The
cell response enhancement  habituated rapidly in
the no-saccade condition so that there was no
cavryover of a saccade period effect at one point o
cade wl at the next point. The Le
burst vesponse (in B, 2 and €, 2) came alier the
eye movement, Same cell as in Fig, 78,
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¥ic. 12, Separation of early and late response.
In A the receptive-field stimulus came on under
the no-saccade condition, while in B it came on
under the cade condition. In € the saccade
condition continned but the receptive-fickl stimulus
was on all the time so there was no ON-IESponse,
just & Iate vesponse. Section D was the no-saceule
condition with the receptive-fickl stimulus on all
the time. Scgments of the experiment were not
done in the order shown. Same cell as in Fig. 4.

tested was b0-75 msec alter the ON-response
would have occurred.

Relation of enhancement lo receplive-
ficld claracteristics

We found no difference between cells
showing enhancement and the other hall
that did not with respect to the following
variables: a) size ol the receptive field, b)
distance of the receptive field from the
fixation point, ¢) presence of an inhibitory
surround, d) prelerence for moving or
stationary stimuli, ¢) sequence in pene-
tration, [) previous experience with the
attention task during the same experi-
mental day, g) latency of on-response.

DISCUSSION

In these experiments we showed that the
responsc  properties ol neurons in the

superior colliculus of the rhesus monkey
were allected not only by the physical param-
cters of the stimulus used to excite the
cells, but also by the behavioral impor-
tance that the stimulus had  for the
monkey. This phenomenon was  demon-
strated as an enhancement ol ceil response
when the animal was going (o make a
saceade to fixate the stimulus, hut it was
apparent that the enhancement was not
the result of some artifact associated with
cye movement. It could not have been
related to the retinal cffects of the eye
movement; it could not have been due to
some general arousal effect related to per-
forming the eye-movement task; and it
was not related to the actual eye move-
ment itsell, as opposed to the activity of
movement-related cells in the intermediate
layers (21). The elfect secemed related only
to the fact that the monkey was going to
use the stimulus in the receptive field.
We conclude that the response enhance-
ment does not result from these factors
related to eye movement, but instead
seems likely to arise [rom some central
input to the visual system which is involved
in sclecting out those stimuli which the
animal uses for behavior from  those
stimuli which it docs not, We have studicd
the eflects of this central input in the
superior colliculus, bhut we do not know
whether the enhancement arises in the
colliculus or at some point allerent to the
colliculus, Anatomical evidence indicates
that the rhesus monkey superior colliculus
receives visual input both directly from
the retina and indivectly from the occipital
cortex (23), and the enhancement could
occur in either pathway and still show up
as enhancement of response in the superior
colliculus. I[ the central input impinges
direcily on the superior colliculus, the
cnhancement could result from activity
in one of the many areas that project 1o
the superior colliculus: frontal, occipital,
inlerotemporal cortex (15), and brain stem
reticular formation (in the cat, rel 17).
We also do not know cxactly when in
the saccade period this central input fist
acts. Since the late response olten oceurs
on the first trial of a saccade series, and
always when the monkey makes the correct
eye movement, the central inpul must act

"
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with a latency no greater than the latency
of the late response—about 100 msec.
Whether the on-response is ever enhanced
for the first trial is not clear from our data.
One can usually find a single response in
the no-saccade period that Tooks enhanced,
and the effect only becomes clear in the
:Iggl'('g’i”(.' {'()ll?])ill';.‘il)n Il(.““"!‘('ll ||l(.‘ !iilt.'(::l(](.'
and no-saccade serics,

There have been other demonstrations
that nonvisual stimuli could affect the
receptive-field properties of neurons in the
visual system. Weingarten and  Spinelli
(22) showed that clicks and shocks could
augment the response of cat retinal gan-
glion cells to visual stimuli, and also in-
crease the cell’s receptive-field size. God-
fraind and Meculders (4) demonstrated
similar effects of somatosensory stimulation
on lateral geniculate neurons in the un-
anesthetized cat, This effect was dependent
on an intact mesencephalic  reticular
formation and could be duplicated by retic-
ular stimulation. Bardett et al. (1) re-
ported that the receptive-ficld size of
squirrel monkey striate cortex neurons
could be increased by reticular stimula-
tion. The major difference hetween these
studies and owrs lies in our demonstra-
tion that the enhaneement is behaviorally
controlled and  specific 1o the receptive-
field area rather than the result of general
arousal clicited by a loud click, a shock to
the animal, or a pulse train to the mesence-
phalic reticular formation.

Habituation and adaptation

The response  enhancement  that  we
demonstrate when the monkey makes a
saccade o a receptivefield stimulus can
be viewed as a dishabituation of a response.
Habituation to a stimulus is well defined:
it is the decrease in response to repeated
stimulation which can be returned to its
original level—dishabituated—Dby changing
the context in which the stimulus is given
(20). In the superior colliculus such habitu-
ation ol single-cell responses has  been
demonstrated in the rabbit optic tectum
(12) and in the superior colliculus of the
cat (16, 19, 21). In the present experiments
when the monkey generated a saccade to
the stimulus, the response was enhanced
and stayed enhinced with only slight evi-

dence of habituation. At the end of each
saccade period when the stimulus was
repeatedly presented with no saccade to it,
marked habituation of cell response oc-
curred. This probably explains why in our
previous study of receptive fields in the
superior colliculus (6) we saw no habitu-
ation; the monkeys were never making sac-
cades to the receptive-ficld stimulus and
the responses of cells to the stimulus had
already habitsated and could show no
further habituation with repeated stimula-
tion. The response may be enhanced by
reintroducing the saccade condition; the
context of the stimulus is therefore changed
and the enhanced cell response  accom-
panying this change could be referred to
as a dishabitnation.

The late enhancement of response may
also be viewed as a reversal of the process
of adaptation of a nenron to a single
stimulus. In contrast to habituation, which
occurs to repeated stimulus presentations,
adaptation is the decrement of response
that occurs while a stimulus is on. The
superior colliculus neurons studied are [re-
quently phasically responding  neurons;
they respond to the onset and offset of a
spot of light, but show adaptation as long
as the light is on. The late enhancement
of response may he regarded as a reversal
of this adaptation since the response of the
cell to the spot of light is extended in the
saccade condition beyond the duration of
the visual onresponse. In the experiment
(Fig. 12) where the stimulus remained on
all the time, the response to the stimulus
had clearly adapted before the fixation
started, yet when the animal decided 10
fixate the stimulus the neuron gave a re-
newed burst before the eye movement.

Both types of response decrement—ihe
habitnation to repeated presentations of
a given stimulus and the adaptation 1o a
single presentation of the stimulus—are
in this case rclated o the hehavior of the
animal, perhaps as a mechanism to sereen
unwanted sensory information from the
higher centers of  the nervous  system,
The mechanism clearly exists 1o reverse
this decrement in response to a stimulus
when and il the information  becomes
important to the monkey, that is, when
the monkey pays attention to the stimulus.
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Attention, therelore, reverses decrement in
response, and attention and habituation
are reciprocally related. A possible rela-
tionshi p between the mechanism of habitu-
ation and the phenomenon of attention
has recently been suggested by Horn (11).

Attention and response enhancement

The specilic enhancement of behavior-
ally important sensory input that we have
demonstrated in single visual neurons is
reminiscent of the phenomenon of atten-
tion long discussed in the psychological
literature. In 1890 James (14) wrote,
“Everyone knows what attention is. It is
the taking possession of the mind, in clear
and vivid form, of one out of what seem
several simultancous possible objects or
trains of thought. Focalization, concentra-
tion ol consciousness are ol its cssence. It
implics withdrawal from some things in
order to deal effectively with others . . . ."
The modern consensus of the meaning of
attention has not strayed [ar from James'
summary. The view that there is a process
of attention which allows the nervous sys-
tem to handle preferentially some sensory
inputs which are important to the animal
is found in the approaches of Pavlov (18),
Iebb (7), and Berlyne (2), among others.

Electrophysiological changes in the brain
have been demonstrated during attention
by a number of investigators. Cortical
evoked responses to flash were diminished
when a cat looked actively at a mouse out-
sie the flash zone (10). Somatosensory
evoked responses were diminished when a
cat was occupied with a can of sardines (9)
(for a review of this literature cf. Hern-
andez-Pcon, ref 8). Some single units in the
auditory cortex of cat were found to re-
spond only when the cat scemed to attend
to the stimulus (13).

These previous results clearly demon-
strate beyond doubt that a neurophysi-
ological change occurs during attention.
We have tried to extend these results by
more closely examining what this change
is. In our experiments we combined two
factors: T) we recorded single-cell responses
from cells with clearly identified receptive
ficlds in order to permit easy interpretation
of the origin of any physiological change,
and 2) we controlled the physical properties

of the stimulus so that only its behavioral
significance changed. By doing this we have
been able to show in what way the cellular
change is related to attention: a sclective
enhancement of the response of  some
neurons to the important stimulus.

The cenhancement  might  provide a
powerful mechanism for aflecting the ner-
vous system at a synaptic level. When the
response evoked by a stimulus in a neuron
is Tacilitated, the response—and hence the
stimulus—would have a greater eflect on a
postsynaptic cell than a nonenhanced re-
sponse evoked by a similar stimulus. This
stimulus would preferentially influence the
workings of the brain—for example, it
would be more likely to lead to a motor
response, or it could present more informa-

tion that could be stored as a memory.

trace. The more enhancement associated
with a stimulus, the greater ellect that
stimulus would have on the nervous system.,
The enhancement of responses in many
similar neurons could be the effect of the
mechanism  which on the psychological
level is the phenomenon of attention,

Problems in study of altention

Our experiments on the awake monkey
share a problem with previous studies that
is inherent in the study of a subjective
phenomenon such as attention. We can
assume that when the monkey makes a
saccade to the stimulus he is attending to
it. But in order to say that the enhancement
of the response is due to the monkey’s at-
tention, we must also say that the lack of
enhancement in the nosaccade condition
is due to the monkey’s not attending, and
that the waning of the response in the
second no-saccade period is due to the
waning of the monkey's attention. T'his, of
course, we cannot do since we cannot dil-
[erentiate between the monkey's not at-
tending to the receptive-ficld stimulus in
the no-saccade condition and his attending
to it but deciding not to hixate it. When an
animal is attending can therefore only he
estimated rather than determined, and the
accuracy of the estimation depends on how
close one can correlate the monkey's in-
tention to fixate a target—which, post hoe,
we can measure—io his attention to the
target, which we cannot,
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A second problem in the study of the
ncurophysiological basis of attention is that
this unitary behavioral concept may not
have a single physiological mechanism. We
have described a  phenomenon—ihe en-
hancement of a response to a stimulus when
that stimulus is used by the monkey as data
for an obvious voluntary act—and this
condition clearly fits the deseription of at-
tention. But we have performed our experi-
ments in a very constrained manner: we
have measured changes in the response to
an object located extrafoveally when it is
the target for an eye movement. The atten-
tion associated with the analysis of complex
visual stimuli may be totally different. For
example, once an animal fixates an object
to permit the finer analysis possible with
the fovea, it is still paying attention to the
object. The centers, presumably cortical,
related to this kind of vision may show
changes during fixation but not at all
before eye movements. Similarly, auditory
and somatosensory attention may stem from
excitation of totally different neural sys-
Lems.

The attention effect we are considering
may be also specifically related to the role
of the colliculus in the visual guidance of
eye movements. While the response en-
hancement is not obligately related 1o cye
movements, the enhancement might still
be related to the neural apparatus involved
in preparation for an eye movement. While
the on-response enhancement is completely
independent of eye movements, the late
response is more closely related to eye
movements: it can occur independently of
the on-response; it ceases more rapidly
when eye movements stop alter a saccade
series; it is closer in time to the occurrence
of eye movement. In addition other cells
just slightly deeper in the colliculus dis-
charge belore eye movements regardless of
the stimulus evoking them, and these cells
are the subject of the following paper (24).

SUMMARY

The receptive ficlds ol 100 cells in the
superior colliculi of four monkeys were
determined while the monkeys fixated a
point of Tlight. After the receptive field of
cach cell was determined by using stationary
spots of light, the first step was to establish

a base-line level of response to a spot of
light at a particular point in the receptive
ficld during successive fixations. The second
step was to see if the response of the cell
changed when the fixation point went off
as the receptive-fiecld stimulus came on and
the monkey made a saccade 1o this stimulus.
In the time between the onsct of the stimu-
lus and the saccade to it (at Ieast 200 msec),
the stimulus in the receptive field did not
change its physical characteristics, only its
significance to the monkey.

About half the cells studied showed an
enhanced response to the receptive-ficld
stimulus when the monkey made a sac-
cade to it. The enhancement was a more
regular and vigorous on-response in some
cells, a late response in the period [ollow-
g the on-response in other cells, or an
enhancement consisting of both components
in other cells.

The response enhancement was sclective,
The response was clearly enhanced when
the stimulus was the target of a saceade,
but it was only slightly altered when the
cye made saccades to points in the visual
ficld outside the receptive field. The cye
movement to the stimulus also was not re-
quired for the enhancement to occur; the
enhancement sometimes occurred on a trial
before the monkey made his first successlul
saccade to the receptive-field stimulus and
often lingered after the end ol a saccade
period when no more saccades were macde
to the stimulus.

During the saccade condition the re-
sponse showed little habituation. After the
saccade  period ended the enhanced re-
sponse habituated over a number of trials
as long as 30-10 wials for the on-response
enhancement but within a few trials for
the Jate enhancement. Therelore, when the
monkey attended 1o the  receptive-field
stimulus by using it as the target of a sac-
cade, the response of the cell to the stimu-
lus did not habituate; when the monkey
stopped attending to it, habituation of the
cell response to the stimulus began,

The response enhancement was dillerent
at different points in the receptive field.
For some cells the receptive-ficld size was
increased slightly in the saceade condition.
For other cells the receptiveficld size was
not increased but the response within the
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receptive field was equalized so that the re-
sponse to stimuli at the periphery became
equal to that in the center of the field.

We conclude that the enhancement of
response to a stimulus results [rom some
central input to the visual system which
selects out those stimuli which the animal
uses Tor behavior from those which it docs
not use. When the discharge evoked in a
neuron by a stimulus in one area of the
visual field is enhanced, the discharge
would Thave a greater eflect on a post-
synaptic cell than the nonenhanced dis-
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III. Cells Discharging Before Eyve Movements

ROBERT H. WURTZ axn MICHAEL E. GOLDBERG
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CLINICAT, CORRELATIONS (13) and stimulation
studies heginning in the last century (1, 4,
12, 22, 28) have provided the evidence for
the view that the superior colliculus is in-
volved in the nearal generation ol eye move-
ments. Physiological studies have concen-
trated on sensory input w the colliculus,
andl it has been established that eells in the
superficial gray and optic layers of the
rhesus monkey superior colliculus have well-
defined visual receptive ficlds (10, 15, 29).
'.l'hc response of roughly hall of these cells
is markedly enhanced by the monkey's in-
tention to use the stimulus falling in the
receptive field ol the cell as the target of a
saccade, but this enhancement depends on
the visual stimulus; in the absence of visual
s}imuli these cells lose their striking ac-
tivity before eye movements (11). On the
other hand, cells in the intermediate gray
and white layers of the colliculus do dis-
charge hefore saccadic eye movements of
specific distance and direction, even in total
darkness (21, 30). This report describes the
propertics of these cells.

A briel vepore (30) and an abstract (8) of
some of these results have heen presented
previously.

METIIODS

The general behavioral and  physiological
methods used were the same as described in
the two preceding papers in this series (10, 11).

Cells in these experiments were studied un-
der two conditions, First, whether or not the
cell had o visual receptive field was determined
while the monkey fixated a small spot of light
(as in the first paper of this series, ref 10). Scc-
ond, the monkey was induced to make a saccade
or tracking cye movement, A saccade was
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produced when the fixation point went off and
a second point came on and became the fixation
point (11). A tracking eye movement was pro-
duced by moving the fixation point in a smooth
arc as long as 20° This was done at speeds
ranging from 5 to 126°/sec by rellecting the
fixation point off a front-silvered mirror and hy
applying a ramp waveform to the galvanometer
on which the mirror was mounted.

Lateral rectus electromyograms were made

using  chronically implanted ball  electrodes
placed on Tenon's capsule thvough a hole
drilled in the squamous portion of the parictal
bone, The presence of the small EMG clectrode
had no measurable cflect on the velocity or
frequency of eye movements.
: Points in a microclectrode penetration where
interesting cells were recorded were marked by
an (El(‘cll'ol}'ti(: lesion and located on |1islologicn‘i
SCCiIons,

RESULTS

In eight monkeys, 70 cells were recorded
that gave a st of cell discharge preceding
saccadic eye movements. Electrolytic lesions
made through the recording clectrode at the
site of these cells were located primarily in
the intermediate gray and white layers ol
the superior colliculus with a few pn‘ims in
the deep gray layer. Figure 1 shows one ol
these lesions that was located at the edge
of the intermediate gray layer.

Cell activity and eye movement

The superior colliculus neurons deseribed
in this study all increased their vate of dis-
charge helore eye movements of specilic
direction and distance. "The time ol onsct
of the burst varied from cell to cell, Some
neurons clearly increased their vate of dis-
chavge as long as 200-8300 msce helore the
EOG deflection, others only 80-50 msce
before the EOG deflection. Since the cell
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